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ABSTRACT

The phenomenon of superconductivity in transition-metal oxides is discussed from the
standpoints of electron transfer mechanisms and the transition from superconduction to normal
conduction. As general background, covalent bonding, magnetic exchange, and spin-orbit and
Jahn-Teller stabilizations of the 3d™ transition-metal ion series are reviewed, and candidate ion
pairs for possible orbital electron transfer arising from delocalization exchange between
mixed-valence cations of the same element are identified. ~As explanations for the reported
superconducting effects, it is suggested that polarons associated with ion pairs of the d°—d® ion
combination in 180-degree bond geometries and d! —d® combination in 90-degree geometries
become itinerant within cell boundaries through energy-free electron transfers made possible by
strong orbital exchange coupling. Each mobile polaron is tethered to its stationary source (here the
cause of the mixed valence), and its range of motion is determined by local charge neutrality
requirements, with boundaries established where the orbital exchange energy becomes balanced by
the electrostatic attractive energy between the mobile charge and its source. For the 180-degree
case of Cu2*(3+) (i.e., Cu2+ ¢ Cu3* + e°) in perovskites, several possible single-electron transfer
situations are described, with a d®—d8 (low-spin) transfer judged the most likely situation. The
d!—dO case is represented by Ti3*+(#+), but may also include members of the more covalent 4d"
and 5d" series, Nb4+(5+) or Ta%+(5+), preferably in a 90-degree spinel-type geometry.

The proposed superconduction model is based on continuous linkages between polaron cells
that result in moving chains of uniformly spaced charge carriers. Calculated estimates indicate that
radii of polaron cell boundaries on the order of 30 to 40 A may be anticipated in the perovskite
system, in general agreement with estimates based on experiment. The transition to the normal
conduction state is determined by the electron-hopping activation energy (Ej,, < 10 meV for Cu
oxides) that arises from magnetic, ligand-field, and lattice ionic and elastic stabilizations.
Widespread superconduction can exist below a critical temperature, where the fraction of electrons
with thermal energies below the activation energy is sufficient to sustain continuous supercurrent
paths. A phenomenological theory of normal resistivity and superconduction transition temperature
as functions of composition for the La; «SryCuOy4 and YBa;Cu30y perovskite families provides
excellent agreement with experiment. Reported superconduction and structural data for the related

Biy(Sr,Ca)3Cu,0g,y system are also included in the discussion. Based on the above concepts,

general criteria for superconductivity in oxides are summarized.
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Among the important conclusions from these analyses are (i) that superconductivity can exist
in systems where the spin-independent orbital exchange energy of a polaron exceeds its
stabilization energy, provided that antiferromagnetic coupling does not impose a spin-flip excitation
energy requirement, (ii) that in tetragonal perovskites superconduction should occur principally in
the x-y plane (perpendicular to the tetragonal c axis) and specifically in the Cu(2) pyramidally
coordinated complexes of the O2--deficient compounds, and (iii) that ordering of the sources that
produce the mixed-valence Cu2+(3%) jons in this plane is essential for achieving high transition
temperatures, current densities, and critical magnetic fields. With optimized mixed-valence cation
ordering in systems where strong covalent d-electron coupling is present with weak magnetic
exchange effects, critical temperatures above 300 K could be possible. For long-term stability of
electrical and magnetic properties, however, both chemical and thermodynamic equilibria under

specified operating conditions are imperative.
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TRANSITION-METAL OXIDE SUPERCONDUCTIVITY

1. INTRODUCTION

Normal electrical conduction is the continuous transfer of charge under the influence of an
electric field. For a fixed field, the current is limited by resistance that results from fields among
the charges themselves, collisional excitations in a gas, and interactions with phonons (lattice
vibrations) in a solid. Superconduction in a solid occurs where the electron transport mechanism is
effectively without resistance and an electric field is not required to sustain the current. Until
recently, it has been a phenomenon found principally in select classes of metallic compounds and
limited to temperatures below 25 K.

To explain the source of superconductivity at higher temperatures (in some cases greater than
90 K), recently discovered!-5 in the mixed-valence Cu2+(3+) ceramic perovskites (typically
tetragonal A,BOy4 in Fig. 1, where Cu occupies octahedral B sites and the bracketed valence
indicates the minority or impurity ion), Bednorz et al.2 mentioned the possibility of an electron
transfer mechanism involving two valence states of the copper ions. In contrast to this new
phenomenon, normal (conventional) conduction in metal oxides is inefficient at low temperatures,
but is also attributed to an effect peculiar to the mixed-valence condition. The Verwey electron
"hopping" mechanism ¢ most commonly encountered in ferrimagnetic oxides (i.e., the Fe2* «
Fe3+ + e~ reaction between sites on the same sublattice) is responsible for the substantial
room-temperature conductivity of spinel magnetite Fe[Fe2+Fe3+]Oy4. For a similar conduction
phenomenon observed with Mn perovskites’ that involved Mn3+(4+) pairs, Zener8 proposed that
the electron transfer process takes place through superexchange with the oxygen anion linking the
two metal cations, limited by an activation energy that controls the electron mobility. Perhaps the
most significant earlier work relevant to these questions was offered by Goodenough as an
explanation for the metallic properties of pure La,CuOy4 through hole conduction in d-orbital
bands.?

The Cu perovskite superconducting electron transfer mechanism, however, must represent
resistanceless transport and differs from the Fe spinel and the Mn perovskite cases in the
fulfillment of specific requirements to permit delocalization superexchange of the type first

described by Anderson.!0 Above the superconducting transition temperature, Cu perovskite
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features a normal conductivity which decreases with temperature similar to a metal; Fe spinel and
Mn perovskite, however, have the opposite temperature dependence—more typical of a
band-model semiconductor. Unlike metals, where the normal electrons are unbound but not
unimpeded, and semiconductors which require excitation to generate electron-hole pairs or charge
carriers from ionized impurities, superconduction by orbital transfer must occur between
mixed-valence ions of the same element on adjacent and equivalent cation sites, without activated
electron hopping from bound orbital states.

It is proposed here that high-temperature superconductivity represents a fourth conduction
situation that arises from widespread transferring of electrons among the partially filled e, orbitals
of the Cu2+(34) pairs, i.e., through Cu?* <> Cu3* + e~ exchanges, provided (in the ideal) that the
individual transfer sites are energetically equivalent. For Fe2+(3+) pairs, different bonding
situations are involved and this orbital transfer mechanism is not available; conduction can
therefore occur only by thermally generated electron hopping with an activation energy Epop Of
magnetic and elastic origins. In contrast to the Bardeen-Cooper-Schriefer (BCS) theory!! that has
been successful in explaining the superconducting properties of metals and other low temperature
superconductors, this concept does not require the existence of phonon-mediated electron "pairs."
Since it is the extra electrons (or holes) that are involved in the delocalization superexchange, only
these carriers would be involved in the case of oxides, with transport made possible by the
d-electron orbital exchange ( or covalent) interaction.

In Sections 2 and 3 of this report, the properties of d" ions as they relate to the various
magnetic exchange interactions that can permit orbital electron transfer between equivalent sites are
reviewed, some possible electron transfer situations are described, and the origins of the polaron
stabilization (activation) energy are discussed. In Section 4, the formation of the superconducting
state by linkages of mobile polaron cells, the origin of the transition temperature to the normal
state, and the critical magnetic field and current densities are analyzed. Finally, general conditions
necessary for superconduction are listed in Section 5, followed by a discussion of superconducting
oxide systems in the context of the above models, together with some recommendations for future

research.







2.  ORBITAL ELECTRON TRANSFER

A. Conducting Electrons and Polarons

The physics of electrical conduction in metal oxides is a complex subject involving the entire
spectrum of solid-state theory. As discussed in Goodenough's comprehensive review,!? the
electron states in cations with unfilled d shells (transition-metal ions) can range from pure d orbitals
determined by the local crystal fields, as in the case of isolated ions in a paramagnetic system, to
Hartree-Fock wave functions of a collective-electron band model. In the former case, the d
electrons are considered to be localized in their orbitals and represent a generally insulating
situation of entirely ionic bonding, particularly if only one ionic species of a given element is
present in low concentrations. Where covalent bonding to anions (e.g., O2-) is present, the
d-electrons can become collective in a more dense concentration of closely interacting ions, with
the ligand-field energy levels broadening into bands. Conventional band theory may then be
invoked as the electron states become governed by Fermi statistics.

In the general case of interacting cations of the same valence (i.e., equal numbers of d
electrons), an excitation energy U representing the mutual electrostatic repulsion of orbiting
electrons is required to effect an electron transfer by raising the valence of one ion and lowering the
valence of the other, in much the same manner as the creation of a hole-electron pair in a
conventional band model semiconductor. As employed by Goodenough, a phenomenological
band-broadening parameter b, representing the spin-independent (i.e., orbital) part of the
one-electron transfer energy between d electrons of nearest neighbor ions (orbital transfer integral),
may be employed to explain the growth of oxide metallic behavior from localized to collective
conditions (see Fig. 2). Increasing b values produce a gradual merging of the filled and unfilled
bands into a single collective electron half-filled band that could permit the occurrence of
superconductivity when a threshold is reached.!3 Large b values can result from direct
cation-cation interactions via small site separations or through strong cation-anion-cation covalent
mixing of cation d and anion p orbital wave functions.

This interaction parameter also applies to the case where cations of the same element (a
transition metal) occur in different valence states!3 as a result of an electrostatic charge balance
requirement (minimization of Madlung energy) imposed by the presence of either a mixture of

stationary fixed-valence cations in a different sublattice or conditions arising from non-
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Growth of the proposed collective-electron superconducting state for the

transfer event 2M" — M+l pn-l . (a) localized-electron crystal field state,
b < b, (the collective electron energy threshold); (b)collective- electron state due to
band broadening, b ~ b_.; (¢) semiconductor to semimetal transition, b ~ bg: and
(d) collective- electron superconduction, b ~ b.;. (Based on Reference 12, Fig. 12)




stoichiometry. In this situation, there is an odd number of electrons involved and the transfer
would represent a simple translational shift, with the two ions exchanging valence states. Provided
that the two sites are electrostatically and magnetically equivalent, there would be no net first-order
energy change, i.e., U ~ 0.

As an alternative description of superconductivity, the orbital overlap b parameter as the
fundamental criterion will be employed here in a slightly different manner. Instead of the
superconducting state considered as arising from a growth (in a figurative sense) of band
overlapping in a collective system already densely populated with charge carriers, the system will
be treated spatially as the coalescing of isolated regions or cells of local superconduction that exist
initially because of the strong covalent interaction (large b), in this case between d orbitals
overlapping through the medium of an oxygen 2p orbital in the perovskite lattice. When the
volume density of these regions reaches a percolation threshold, the superconducting state is
established as the isolated cells form linkages.

From the definition of the localized electron as applied to this case of mixed-valence cations
emerges the concept of the "small" polaron, a charge carrier on an "impurity" ion trapped by
self-induced elastic deformations of its local environment and magnetic coupling (a magnetic
polaron). In succeeding sections, electron delocalization that permits the formation of large
polarons (brought into existence by large b values) will be examined as a source of resistanceless

transfer acting in competition with the conventional hopping semiconduction mechanism.

B. Covalency and Superexchange

For energy-free electron transfer via covalent bonding, the electron must retain the energy of
its bonding orbital in the transfer. Energy barriers created by interactions associated with the
particular cation sites can prevent orbital transport. In addition to the usual lattice elastic and
electrostatic energy stabilizations of ionic crystals, a d-electron is coupled to its site environment
through magnetic superexchange effects that result from orbital overlapping of covalent bonding
electrons, crystal fields that interact with orbital angular momenta (including energy stabilizations
by Jahn-Teller (JT) distortions), and spin-orbit (SO) coupling that also produces stabilization
effects by lattice distortions (of opposite sense to the JT effects) in the presence of magnetic order

below a Curie or Neel temperature.!4 The critical conditions for orbital electron transfer, however,

are more likely determined by the subtleties of the covalent bonds that result from the d and p




orbital wave function overlapping.

Covalent bonding is not only a medium by which d electrons may be transferred between
different cation sites,!5 but is also the source of magnetic exchange interactions that determine
ferro- and antiferromagnetism. For this reason, these phenomena must be treated together. In
these discussions, certain simplifications and estimates are adopted in applying the complex theory
of magnetic exchange, and only the more dominant situations as they pertain to electron transfer
and magnetic exchange coupling will be examined. In the discussion that follows, much of the
content has been summarized from published work by Anderson,!0:16 Goodenough,!4.17
Kanamori,!® Goodenough and Loeb,!? and Goodenough and Longo.20

There are two basic kinds of exchange to consider in a magnetic oxide: direct exchange
(cation-cation) and superexchange (cation-anion-cation). Associated with superexchange are four
covalent bonding configurations between metal d electrons and oxygen 2p electrons, as shown in
Fig. 3;* the ¢ and 7 configurations can also apply to the direct overlapping of d-electron orbitals on
adjacent metal cations, without the oxygen intermediary. Since ¢ bonds feature direct overlapping
of wave functions, they not only give rise to stronger bonds and greater magnetic coupling, but
also more pronounced electron transfer effects.

From these basic definitions of covalent bonds, there emerge three important types of
exchange couplings, which can be either ¢ or w: (I) half-filled<>half-filled d orbitals, which
produce strong antiferromagnetism that results from a correlation effect with localized electrons that
accounts for the simultaneous partial bond formation on each side of the oxygen anion via its two
2po electrons of opposite spin, (II) half-fillede>empty d orbital, capable of spin-independent
electron transfer, and (III) filled¢>half-filled d orbital, requiring a ferromagnetic (or dynamic
antiferromagnetic) alignment of the two ions for orbital tranfer to occur. With an odd number of d
electrons, types II and III can involve delocalization or the actual transfer of electrons between
cations,? where the extra electrons drift between cations with the magnitude of the transfer
(exchange) integral b depending on the extent of overlap between d and p orbitals (particularly
effective with eg-po-e; bonds and also direct tg-t5,6 overlaps). It is important to note that where

antiferromagnetism is dominant between the two ions, only type II can produce electron transfer

* These wave functions represent individual cation orbitals prior to formation of molecular orbital
functions, which are linear combinations of cation-anion orbitals that eventually build into energy
bands. The magnitudes of the linear coefficients are proportional to the amount of covalence.
Although covalent effects determine the magnitude of the b interaction parameter, for the present
discussion it is sufficient to work with the directional characteristics of these basic functions.




tzg - po

(a) (b)

eg - po eg - pm

(c) (d)

Figure 3. Basic covalent bonding configurations: (a) t, ¢ PO (b) t2°PT. (C) €,-PO, and
(d) egpr. Wave function overlap is greatest for po bonds, particularly €g-pO.
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without an energy expense associated with a spin reversal of the transfer electron required to
maintain spin pairing in the filled orbit.

Since the Cu2+(3+) and Fe2+(3+) systems are both potential candidates for the proposed
orbital electron transfer as an alternative or perhaps competing mechanism to "normal” conduction,
the conditions for its onset might be considered here. If the transfer occurs with no change in
energy involved, i.e., the before and after states are indistinguishable except for a shift in location
(translation), then the magnetic states of the two ions are critical, along with the lattice site
environments. As depicted in Fig. 4, the covalency of the Cu2+(3+) superexchange coupling
would create an equal probability of the electron occupying either cation, suggesting that a single
energy state might exist for the particular B-O-B group with a wave function that would encompass
all three ions. The delocalization exchange transfer mechanism may best describe this
phenomenon, which is most effective in cation-anion-cation bonding.!4:20 In this manner, the
overlapping of metal d and oxygen 2p orbitals may permit electron movement between the two B
ions with no energy involved. In a classical sense, it could be argued that the electron oscillates

continously between the two cation sites.

C. Orbital Interaction and Bonding Geometry

The orbital interaction energy is derived from the transfer or exchange integral b, which can
be estimated from the ligand-field energy splitting parameter Dq that represents the difference in
wave function overlap between the lower energy t), orbitals, with lobes that point away from the
oxygen ligands in an octahedral coordination (see Fig. 5), and the e, functions, with lobes directed
at the oxygen for 180-degree po bonds.2! For the 3d™ transition series, a review of octahedral-site
orbital occupancies is given in Fig. 6, with a more detailed summary of spin values and estimates
of b for simple oxides listed in Table I. Since orbital transfer would be expected only via the ¢,
orbitals in this 180-degree geometry, superconduction would be confined to the ions with transfer
electrons occupying these levels. For cases where the transfer electron is not in this upper
manifold, an excitation to these levels is first required, thus eliminating any possibility of an
energy-free transfer.

An important difference between the Cu perovskite and Fe spinel systems, therefore, lies in
the nature of orbital overlapping and the chemical bond angles in these two structures. If it is

assumed that the "extra" d electron can make a resistanceless transfer to a neighboring ion of the
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Figure 4. Proposed orbital electron transfer (C w2+ & Cud* + e°) for the perovskite
case. Ferromagnetic coupling is assumed for illustrative purposes.
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Figure 5.

d-Electron orbital wave functions pictured in an octahedral site, with z as the axis of quantization (and

axis of tetragonal distortion) directed along the [001] cubic axis. In this frame of reference, the relative energies of

the five orbitals may be discerned from their proximities to the ligands, with the two e

tyg States.

g States higher than the three
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Figure 6.  High-spin state electron occupancy diagrams for the 3d" iron-group
transition-metal ions in an octahedral crystal field.
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TABLE |

d” lon Mixed-Valance B-Site Exchange Properties in Oxides

i O Dg? | b | Jpp | Eex~JSiP
Transfer Pair Ao} Bond eV oV i ﬂU
d1 —do Ti3+(4+) 0(1/2) tog-PT 0.25 1 None (small)
Nb4+(5+)
Ta%+(5+)
d2 —d! v3+(4+) 172(1) | tyg-pm 0.22 ) Small (small)
d3 —d? v2+34) 1(3/2) | tog-pm 0.15 | Small (small)
d4 —d3 Cr2+3+) 3/2(2) | e,2-po 017 | 014 | Il Small (med)
Mn3+(4+) 026 [ 022 | 1l Small (med)
d5 —g4 Mn2+(3+) 2 (5/2) ex22-po | 010 | 032 | I Med (large)
Fe3+(4+)
d6 —d5 Fe2*(3+) 5/2 (2) (tag-p)° 0.12 |0.41¢ | 11 Large (large)
d’ —d6 Co2+(3+) 2 (3/2) (tag-p° 0.12 |0.41¢ | 11 Large (large)
d8 —d’ Ni2+(3+) 372 (1) (tag-pmiC 0.11 |0.35¢ | I Large (med)
d9 —d8 Cu2+(3+) 1(1/2) e,2-po 0.16 [ 013 | m Med (small)
(high-spin)
d9 —d8 Cu2'3) | 0(1/2) | e2.,2ps | 016 |0.39 | Il Small (none)
(low-spin)
d10 —d® Cul*2+) 1/2(0) | e?y2po | 016 |039 | mmI Small (none)
AgO(1+)

a Based on data and estimates from Anderson’s paper;10 b is determined for specific transfer orbitals,

(5/2)Dq for €42 2-po bonds and (5/6)Dq for e,2-po bonds in the x-y plane of a perovskite lattice
t)g-pm bonds have little overlap and negligible b integral.

can produce a significant b value.
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Based on criteria outlined in Reference 14, Table XII.

Since the €g orbitals are unoccupied in these ions (see Figure 6), and additional excitation U is
required to effect a transfer by promoting the electron to the ¢, shell in order to utilize the po
bonding overlap in the 180-degree case. As a consequence, the likelihood of superconduction is
remote regardless of the type of resultant magnetic exchange. For the 90-degree case, the roles of the
tog and e, orbitals are reversed to some extent with regard to o and 7 bonding, and a direct ty-ty,0




same element, the path traversed may be examined by considering the types of superexchange
configurations involved. In Fig. 7, the cases of 90-degree and 180-degree bond angles are
presented to illustrate the importance of the ty, and e, orbitals and their interaction with the oxygen
2p orbitals. The 90-degree case represents the spinel configuration B-O-B (see Fig. 8), that tends
to be magnetically parallel because of the two sublattice ferrimagnetism where the dominant
antiferromagnetic Fe2*g«>02-«<>Fe3+*p interaction forces the two individual sublattices into a
parallel alignment, while the 180-degree case is characteristic of the generic cubic perovskite
B-O-B (see Fig. 9). In this latter structure, the e, orbitals directly overlap the pc orbitals and
create a favorable geometry for electron transfer; the ty; orbitals overlap in a pr superexchange
arrangement that would be less effective in contributing to a conduction mechanism.

As a consequence, orbital transfer would be most efficient with a d9—d? ion pair in the
perovskite structure, because the e, orbitals are not only partially occupied, but the specific electron
involved in the transfer already occupies an ey orbital that directly overlaps a 2p oxygen orbital.
For the 180-degree bonding geometry, this situation does not occur to this extent in the other
combinations listed in Table I (except for the d!0—d? case to be discussed later). Therefore, the
d9—d8 pair (embodied in Cu?* «> Cu3* + ¢-) should be the most probable candidate for orbital
transfer in the perovskite structure. It is interesting that in the 90-degree spinel case, the tp,
orbitals would overlap the po orbitals and consequently would play a greater role in any electron
transfer, in conjunction with the direct tyo-ty, overlapping that can exist between B-B sites. As
suggested by Goodenough,22 this direct cation-cation interaction is the most probable
delocalization exchange mechanism for the 90-degree case. According to Table I, the end member

for this geometry would be d!—d0 (e.g., Ti3+(4+),

D. Transfer-Cation Spin Configurations

In general, where correlation exchange effects are strong (e.g., type I), the spin alignments
would be antiferromagnetic. According to Table I, the d®—d8 case is expected to feature
antiferromagnetism for high-spin d8 configurations. If these antiparallel spin alignments impose
energy expense requirements for electron transfer, the details of this coupling must be examined
more closely. Figure 10 presents four possible scenarios of single electron transfer between the e
orbitals of the two cations in a tetragonal or orthorhombic crystal field with coordinate axes along

the cubic (100) directions. In Case (a) the coupling is assumed to be ferromagnetic with the

15
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90-DEGREE BOND (SPINEL)

180-DEGREE BOND (PEROVSKITE)

Figure 7.  B-O-B orbital overlaps for 90- and 180-degree bond angles.
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@ B SITE

Q OXYGEN

90-DEGREE BONDS (SPINEL OCTAHEDRAL SITE)

Figure 8.  90-degree B-O-B bonding in spinel lattice surrounding an octahedral site.

B SITE

OXYGEN

180-DEGREE BONDS (CUBIC PEROVSKITE A SITE)

Figure 9.  180-degree B-O-B bonding in basic cubic perovskite (ABO3) unit cell.
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d® :: 48
I
1
_________ > Y

(a) FERROMAGNETIC (HIGH-SPIN) CASE

‘‘‘‘‘

(b) ANTIFERROMAGNETIC (HIGH-SPIN) CASE

------------- > ‘
d® : : 1 : d8

(c) FERROMAGNETIC (LOW-SPIN) CASE

__________ > 1
[}
410 : : i Y : : d°

(d) MONOVALENT Cu CASE

Figure 10. Single-electron orbital transfer arrangements.
Note that (d) is a Cul* & Cu?* + e transfer that is
dependent on circumstances described in Appendix B.
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electron transfer occurring between the two lower e levels, with a type III delocalization coupling
at the lower e level. For a host lattice of Cu2+ ions, characteristic of the first high-temperature
superconductor La3+,_, (Ba,Sr)2*,(Cu2+,_,Cu3+,)04,2 at least the short-range antiferromagnetic
order of Case (b) would be present, with a spin-flip excitation required for electron transfer to an
immediate nearest neighbor cation. Alternatively, the dynamic antiferromagnetism in the x-y plane
of the perovskite, recently suggested by the neutron diffraction measurements of Shirane et al.23
with La,CuO,4 may evolve from magnetic disorder among ions with local antiferromagnetic
coupling, typical of the B-site Fe3* ions in paramagnetic Zn[Fe,]04.24 Here the local coupling
could accommodate an electron transfer by flipping the spin to satisfy local exchange requirements
and give rise to a type of moving-electron spin wave. With a Cu3* "hole" of S = 0, a moving
polaron could thus create the illusion of a magnon.

Based on the findings of Goodenough et al.25 for the trivalent B-site end member
La3+Sr2+Cu3+Qy, Case (c) is a probable transfer scheme. In this work, it was concluded that the
strong tetragonal distortion of the octahedron creates a "low-spin" state (S = 0 instead of 1 for
Cu3+), with a filled lower £
local orthorhombic symmetry at the B-sites and other considerations are discussed in Appendix A).

orbital in violation of Hund's rule. (The implications of a possible

The effect of this spin configuration is readily seen in Fig. 10c, where the Cu3+ upper state is
empty and the transfer would now take place at this level, receiving the electron from a
corresponding half-filled orbital of an adjacent Cu2* ion. Since the d®>—d8 (low-spin) couplings
for the 180-degree perovskite bond would be type II-e;po, delocalization exchange would result if
magnetic order were not present in the planes normal to the c axis. The possibility of
superconductivity in the x-y plane would then exist where the weak exchange field of the lattice
ions is neutralized by the magnetic dilution effects of higher concentrations of diamagnetic Cu3+
low-spin ions, in the manner of the exchange isolation effects of Co2* in ferrimagnetic oxides.26
An exotic possibility is depicted in Case (d), which could arise if B!+ cations were to appear.
According to Fig. 10d, the transfer situation for a Cu!*(2+) pair would involve a type Ill-e;pc
exchange, with the Cul* ion diamagnetic (similar to the "receptor” Ti4*, except that it has all d
orbitals filled instead of empty) and essentially independent of the magnetic state of its
environment. Similar to the Cu2+(3+) low-spin case, however, antiferromagnetic order could be a
limitation on its ability to participate in the transfer process, if the spins of the Cu2* ions in the host
lattice are antiparallel. The likelihood of these ion pairs participating in superconduction will be

discussed later in connection with double-electron transfer.
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Each of the above spin arrangements could theoretically produce delocalization electron
transfer. However, from examination of the specific orbital lobe directions (see Appendix A), a
curious conclusion emerges. Since the lower state is d,2 for the tetragonal perovskite with c/a > 1,
transfer between lower eg orbitals would be along the z direction (i.e., the c axis), but in the x-y
plane for upper d,2_,2 state transfers. Accordingly, superconductivity would be along the ¢ axis in
Cases (a) and (b), but in the x-y plane for Cases (c) and (d). From an inspection of the tetragonal
unit cell in Fig. 1, it is clear that c-axis transfers are not available because of the absence of
180-degree Cu-O-Cu bonds. As a result, it is concluded that Case (c) would be the most probable
situation for Cu2* «> Cu3* + ¢ orbital electron tranfer in tetragonal perovskite.

The results of the above discussion are summarized in Table II, which also includes two
additional possibilities that involve the transfer of electron pairs (d!9—d8 or d2—d?), according to
the discussion given in Appendix B.

TABLE I
Summary of Electron Transfer Situations
Spin Alignment Transfer Orbital Direction
d® —d8 i d,2 c-axis
(high-spin) 1l d,2 c-axis
d9 —d8 dxz_y2 In-plane
(low-spin)
d10 —¢9 dy2.,2 In-plane
d10 g8 d,2, dxz_y2 c-axis, in-plane
{high-spin)
d10—~d8 a dxz_y2 In-plane .
(low-spin)

a The two spins could behave as a coupled pair (See Figure 32).
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3. POLARON STABILIZATION AND ITINERANCY

For electrical conduction in metallic oxides, two energy requirements must be considered: (i)
the excitation energy of a band gap (where present), and/or (ii) the activation (stabilization) energy
of a polaron. In the former case, conduction requires the creation of charge carriers through the
expense of an excitation energy U (see Fig. 2), in the manner of an intrinsic semiconductor. Since
the initial and final states differ, energy is not conserved, and superconduction is improbable.
Except for the case of static antiferromagnetism, however, energy is conserved in the case of
polarons generated by mixed-valence, with no net absorption (i.e., U = 0). In this situation,
polarons move between equivalent sites, and the initial and final energy states are identical.” There
remains, however, the activation energy that would at least reduce the probability of an orbital
electron transfer.

For a typical nonmagnetic polaron in an ionic lattice, this activation energy (Epp) results
from an elastic strain effect on the immediate environment of the "impurity” ion. Where
transition-metal ions with partially-filled d shells are involved in an ionic/covalent bonding
combination, other contributions to Epgp are present. Magnetic exchange between the polaron ion
and lattice ions and among lattice ions themselves, as well as ligand-field interactions (enhanced by

spin-orbit and Jahn-Teller stabilizations) must be considered.

A. Magnetic Exchange Stabilization

Any spin ordering of the equal-valenced host lattice ions would arise from type I coupling
(half-filled¢<>half-filled orbitals) and would be antiferromagnetic. For host ions with filled (Cul+)
or empty (Ti%*) d orbitals, there would be no lattice magnetic exchange. However, if a polaron ion
of spin Sp resides in a magnetically ordered lattice of fixed spins Sy , the magnitude of its coupling
energy to the exchange field at site i will add to the trapping energy according to the standard

relation

Eex = -22'J;8:8; (1
1)

* This situation is analogous to a mechanical "see-saw" or electrical "flip-flop” circuit.
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where J ij is the exchange constant between the i and j cations. For the coplanar situation depicted

in Fig. 11, the exchange energies at sites 1 and 2 are given by
Eex(l) = - 2(4)JpLSpSL (2a)
and Eex(z) = - 2(3)JLLSLSL + 2(1)JPLSPSL s (2b)

where Jp and Jj | are the respective exchange constants between polaron and lattice ions, and
between lattice ions themselves.
The exchange stabilization energy may then be estimated by subtracting these individual

quantities to obtain
AE., = 6S; |J11S. - JprSpl . 3)

If Jpp = J L, AEeyx = 6S1J11.(1/2), since | SL - Sp| = 1/2 for a single electron transfer. For the
CuZ+(34) case, S; = 1/2 and AE,, = 6J;1(1/2)2 = 0.08 eV.* Where Sp = 0, this result also
applies if Jp, = -Jj L.

To minimize AE,,, the molecular or exchange field for spin ordering embodied in the average
J L (commonly called the molecular-field coefficient Ny ; ) should cancel through disorder, usually
resulting from magnetic dilution when polarons of Sp = 0 appear in concentrations sufficient to
break down the cooperative exchange effects. According to Table I, only Ti4+, Cu3+ (low-spin),
and Cul* offer an Sp = 0 magnetic dilution capability to satisfy conditions required to nullify Ny | .

For electron transfer in a magnetic lattice with either static or dynamic spin alignments, the
various possibilities are summarized in Table III. For superconduction, the polaron ion must
couple to the lattice ions either ferromagnetically (types II or Il exchange) or nonmagnetically

(type II). Where J{ 1 # 0, magnetic contributions to polaron stabilization exist and a net activation

* From Anderson's rationale for estimating exchange constants,!0J; ; = b2/2S; 2U, which yields
AE., = 3b2/U
where b = 0.39 eV (see Table I), and U = 5.9 eV for Cu (see Table I of Reference 10). In this

context, U represents the energy difference between the ionic ground and excited states involved in
the exchange perturbation term.
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Figure 11. Schematic diagram showing magnetic exchange couplings between adjacent Cu?* and Ci3* ions
involved in an electron transfer.
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TABLE Il

Magnetic Ordering and Excitation Energy

Jp =0 | t—e— U=0 | tfle| U#0
foff U= x|y u=0

"
(@)

Iﬂoﬂ U

-ﬂxU U=0

Jp <0 el u#0 | 1jeff u=#o0
xft v=o0

ﬂoﬂ Statically coupled ferromagnetic lattice
Uoﬂ Statically coupled antiferromagnetic lattice

UXﬂ Disordered or dynamically coupled
antiferromagnetic lattice

t—e— Type II ferromagnetic exchange
(Sp # 0 polaron in nonmagnetic lattice)

—ﬂoﬂ Type 1l ferromagnetic exchange
(Sp = 0 polaron in ferromagnetic lattice)

energy results; where Jp; and/or Ji 1 < 0 in a statically ordered state, polaron ion spin reversals are
required for transfer and an excitation energy (U # 0) must be supplied, thus rendering

superconduction unlikely.

B. Ligand-Field Stabilization

The ligand-field (called crystal-field for the point-charge approximation) energy level
splittings differ for the Cu2*+(3+) pair in the manner shown in Fig. 12. For the conventional case of
Cu2+ (d9), the cubic splitting of 10 Dq has been measured as 12600 cm! in an octahedrally
coordinated oxygen site (actually H,O in solution)2” and provides a lower doublet with
stabilization energy of 6 Dq (= 7560 cm™!). Subsequent distortions and spin-orbit coupling create
a net stabilization E;s (CuZ*) ~ 8500 cml.
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10Dgq = 12600 cm-1 (372)10

d8 (LOW-SPIN)
PSEUDO-D STATE
[SIMILAR TO Mn3*]

94292-11

Figure 12. Proposed energy level diagrams of C u?* and Ci3+ ions to illustrate the source of a ligand-field
stabilization energy AE/f.




The low-spin Cu3+ (d8) ion presents a more interesting situation. In the high-spin state, d8
has a ground F term, typical of Ni2*. With S = 0, however, the eight d electrons are completely
paired and the energy level occupancy becomes exactly double that of a d* (Mn3+) ion, with its
ground D term and a cubic field structure inverted from the Cu2+ case. Since this ion is trivalent
(as opposed to divalent Cu2+), the level splittings are magnified by a factor of 3/2,28 which
theoretically produces an effective 10 Dq of 18900 cm-!. In support of this estimate is the
measured splitting of 21000 cm-! for Mn3+.10 With the level inversion putting the triplet lower,
the cubic stabilization is weighted by a factor of 4 instead of 6 and the equivalent cubic splitting
becomes (3/2)4 Dq = 6 Dq, identical to that of Cu2+,

Similar arguments may be applied for the lower symmetry fields, i.e., Dy, or D5y, and the
conclusion reached is that the ligand-field stabilization energies of the Cu2+(3+) transfer pair should
be nearly identical to a first-order approximation. As a consequence, AE|s may not be significant

for the copper perovskite system.

C. Spin-Orbit and Jahn-Teller Stabilizations

Where spin collinearity exists, the occurrence of cooperative lattice distortions that reduce the
energy of the ground-state orbital term through the spin-orbit coupling can become significant in
lattices of cubic symmetry.29 In these situations, the splitting of a ground triplet would leave an
orbital doublet lowest in those cations indicated in Fig. 6. Therefore, the stabilization energies of
the two cations with unequal valence would be affected. Thus, above the Curie temperature,
differing local crystal-field effects (from SO distortions) between transfer cations would act as
perturbations on the ligand-field stabilization AEs.

Distortions of cubic symmetry can also be caused by Jahn-Teller effects which are
counterparts or competitors to SO stabilizations also where the cubic crystal field leaves a triplet as
the ground state. Since these phenomena result from orbit-lattice interactions, they are independent
of magnetic ordering, but contribute to the electron-phonon interactions that would determine
hopping-electron transition probabilitics (frequencies). Here the system energy is also reduced by
a spontaneous deformation of the local environment, but the sign of the distortion is opposite to
that of the SO stabilization because the ground state orbital must be nondegenerate (a singlet).2°
Where the SO perturbation energy dominates the JT term, it is still possible that the resulting orbital
doublet may be split by a JT effect of lower symmetry (e.g., tetragonal or trigonal to
orthorhombic).30 For static JT effects, thermal considerations are important and the distortions

will become cooperative at a temperature signaled by a lattice phase transition.
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In the context of energy barriers to orbital electron transfer, the presence of local lattice
distortions above temperatures where the deformations are cooperative would also be detrimental.
In lattices of lower symmetry, e.g., the tetragonal Cu perovskites, however, the effects of these
stabilizing distortions can be reduced by the existence of a natural lattice symmetry. Where
additional cooperative JT stabilizations take place at Cu2* sites, the crystal-field distortions should
carry over to the ligands of neighboring Cu3+ transfer partners, and the elastic environments
should be similar.

As indicated in Fig. 12, without an unpaired electron there is no JT effect for d8 (Cu3+).
With S = 0 in the low-spin configuration, there is no SO stabilization. For Cu2+, the JT effect may
be overridden by the existing Dy4p, symmetry, but may contribute to a Dy, orthorhombic distortion
where Cu2* concentration is largest. In addition, it may be shown that the energy of the eg levels
is unaffected by the spin-orbit coupling perturbation, so that spin-orbit effects are absent in both
CuZ* and Cu3+. As a consequence, it may be assumed that SO and JT stabilizations (AE, and

AEjT) have little effect in this system.

D. Ionic Bond and Elastic Stabilizations

For all crystal systems, the polaron ion stabilization energy has a contribution from the elastic
deformation of its local environment, i.e., contraction or extension of bond lengths. If the bonds
are purely ionic, the forces involved are electrostatic and may be represented by the energy

function3!
Eion = 'Zczaqzlrca + Bq2/rca" ) 4)

where q is the electron charge, r., is the cation-to-anion bond length, z. and z, are the respective
cation and anion valences which determine the Madlung constant, B is the Born repulsion constant,
with the empirical exponent n ~ 9. Since Cu3+ is smaller than Cu2* and carries a larger cation
charge, its contribution to the attractive term of Eq. (4) is larger and its ionic stabilization should be
greater.

In an isolated octahedral-site normally occupied by the larger Cu2+ ion, Cu3* can be further
stabilized if its ligands move closer and reduce the effective values of re,. Itis this adjustment of
the lattice surrounding the impurity that gives rise to an elastic stabilization effect often called

"Landau” trapping. According to the conventional wisdom on this somewhat vague concept
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AE;o, = a(hv) &)

where hv is the phonon equivalent of the Landau stabilization energy, and @ is a proportionality
constant related to the phonon spectrum density and increases monotonically with the purity of the
ionic bonding.32

From the fundamental theory of lattice vibrations, it follows that v e« M-1/2 | with M
representing the average nuclear mass of the ionic constituents. From Eq. (5) the ionic bond

contribution to the polaron activation energy becomes
AE; o, =< M-1/2 (6)

The implications of Eq. (6) will be pointed out later in relation to isotope and other ionic mass
effects on superconducting properties.

The combination of these ionic bond and Landau trapping effects provides the basic polaron
stabilization in mixed-valence ionic systems and normally determines the electron hopping

conductivity. Since
Ehop = AEex + AEjs + AE, + AEjr + AEjo, @)

estimates of the AE;,, contribution is not readily separable for transition-metal oxides, and it is
perhaps more instructive to examine its influence as part of the total stabilization energy, to be
discussed in Appendix C where a review of experimental results suggests that its value is
substantially less than 0.1 eV for the Cu2+(3+) system even for a relatively small polaron
concentration. '

Based on the foregoing discussion, the condition for polaron itinerancy through

delocalization exchange may be defined as
b’ =b-Epp20 . (8)
Physically, this relation indicates that the broadening of the transfer orbital level must exceed the

polaron activation energy. According to the estimates in Table I, b = 0.39 eV for the Cu2+(3+) case

with d,2_y2 as the transfer orbital. Since the largest term in Eq. (7) is likely to be AE¢x = 0.08 eV,
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and the combined contribution of the remaining terms could be considerably smaller (and perhaps
of opposite sign), it may be argued that the total magnitude of Ehop in the isolated polaron
approximation should remain in the 10-2 eV range, and the condition specified by Eq. (8) should
be satisfied.
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4. SUPERCONDUCTION AND THE NORMAL TRANSITION

A. Superconducting Cells and Electrostatic Homogeneity

If an isolated "impurity" ion with a localized or bound charge carrieris a small polaron, this
physical situation of carriers moving about the lattice through overlapping orbits may be treated as
the expanded polarons described above, where the boundaries of the mobile polarons may extend
for several bond lengths depending on the magnitude of the b' parameter and the strength of the
electrostatic attraction to the local sources of the polarons (e.g., mixed valence A-site ions). The
boundaries of each mobile polaron would then define a superconduction cell centered about the
source ion of the Cu3* hole (e.g., a Sr2* ion or O2- vacancy in a perovskite), as pictured in Fig.
13. The superconduction carrier density would therefore vary inversely with the average volume
of these cells along the current path, and the spatial variation of the current density within the cell
would follow the radial distribution of the polaron wave function. In this sense, the cell radius
would resemble a coherence length.

A schematic illustration of the relationship between effective cell radius r,, and the orbital

transfer energy threshold given by b' 2 AE. here defined as the increase in goulomb energy
incurred as a polaron moves away from its source, is given in Fig. 14. The crystal-field energies
of the e; and ty, orbitals (separated in energy by 10 Dq) increase stepwise as the polaron charge
moves through sites of increasing distances from its source. In the 180-degree configuration, the
eg levels are broadened by an amount b’ through the covalent interaction (eg-po), and the spatial
range for energy-free electron transfer in these orbitals is fixed by matching of the band top at the
origin to the band bottom at the r, boundary. For a quantitative estimate of AE as a function of
the various parameters involved, the four equally-spaced negative charges shown in Fig. 15
approximate a chain of isolated A2+ ions that determine the electrostatic environment of the positive
Cu3+ polaron charges. The net electrostatic attractive energy of this abbreviated one-dimensional

system as a function of polaron position is then given by

AE¢ = - @K1/ - 1/hg) + (1/i- 1ig) + (1fi - i) + 1k - 1Ko, (9)
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Figure 13. Overlapping superconduction cells of mobile polarons.
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Figure 14. lIllustration of ligand-field eg-level broadening (b’ = b) from covalent bonding and the
increase in electrostatic energy AE. as a polaron propagates from its source, for the n-type case of
a half-filled polaron level within an empty band (type II) and the p-type case of a half-empty level
in a filled band (type I1l). Other cases include: n-type filled level in half-filled band (type IlI), and
p-type empty level in half-filled band (the type Il Cu?+(3+) case). The boundary rp of the

superconducting cell is established at b’ = AE,.
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Figure 15. Itinerant polarons (positive holes) tethered to negatively charged stationary sources
(i.e., causes of the mixed valence), spaced at intervals of distance R.
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Figure 16. Polaron Coulomb attractive energy (linear four-charge approximation) E . as a function of reduced

polaron-charge displacement & (= rla) from its source, for various reduced source-charge separations I' (= Rla).

Energy barriers are periodic with I".
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where (1/h-1/hgy) = (1/a)[(1 + T2+ &2+ 2TE) 172 - (1 + T2)1/2]
(1/i - 1ig) = (1/a)[(1 +E2)12-1]
(1/j - Ujg) = (1/a)[(1 + T2+E2-2T€) 12~ (1 + T2)1/2)
(k- 1/ky) = (1/a)[(1 + 412+ E2-4TE) 12 - (1 +4T2)1/2]

The symbol I is the reduced source separation distance (= R/a) with a lower limit of 1.0, & is the
reduced polaron charge displacement (= r/a), and q and K are the Coulomb charge and dielectric
constant, respectively. In Eq. (9), repulsive energy contributions have not been included. Since
the fixed source charges are stationary and the supercurrent occurs through mutual repulsion of the
mobile hole charges, with the polarons retaining their separation as they propagate, there is no net
change in repulsive energy as a function of r.

For a = 4 A (c-axis distance between an A and B cation as estimated from crystallographic
data) and K = 8%, for example, AE_. is plotted as a function of £ in Fig. 16 to illustrate the polaron
electrostatic potential barriers for various values of polaron separation R (in terms of numbers of
A-O-B bond lengths). An upper limit of b' = 0.39 eV is included to suggest the appropriate range
of r,, values for this system. Since §p = I'/2 represents the reduced cell radius in bond lengths
(rp/a, with a lower limit of 0.5), the Coulomb energy reaches a maximum AE:™ which may be

expressed as

AEc™ = -2(q%/KTa)[(1 + 9E,2)"1/2 + (1 + E,2)1/2
- (1 + 16E 212 - (1048 2)-1/2 . 1] . (10)

In Fig. 17, Eq. (10) is plotted with a b’ value of 0.39 eV to indicate the range of §p for which b' 2
AEC*. Here ﬁp would reach a maximum of 11 (i.e., I'p < 44 A), in general accord with the
measured coherence length of 34 A and threshold carrier concentration of x; = 0.08 to be discussed
later.

The superconducting state could thus be viewed as the result of coupled wave functions
(molecular orbitals) that extend over sections of the lattice determined by the location of A2+ ions

* This value for K is representative of a typical oxide dielectric. A more realistic value for the
perovskite system might be somewhat larger (for the related spinel and garnet families it is in the
range of 12 to 15). It may also be argued, however, that the effective d,2_y2 bandwidth should be
b/2, since for Cu?* this band is "half-filled" in a collective-electron schemé. These changes would
tend to offset each other in the above estimate of §p.
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Figure 17. Energy barrier peak values E "' versus reduced polaron radius ép (= rl,/a ). The calculated estimate
of b’ = 0.39 eV is included to suggest a range ofép values.
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or other sources that generate mixed-valence B cations, depicted in Fig. 18 for an isolated cell in a
one-dimensional chain with alternating A2+-A3+ions. When these cells merge, the entire lattice
could become superconducting at a percolation threshold, with persistent currents established as
the cells form intact loops. In this sense, there would be no distinguishable Cu3+ ions, only
probabilities of particular cation sites having +2 or +3 valences. As a consequence, the extent of
superconduction would depend on the degree of dispersal (ordering) of the Cu2+(3+) pairs (or A2+
ions).

In Fig. 19, a two-dimensional lattice model illustrates the mechanism by which the
superconducting state may be sustained in an x-y plane. In this idealized situation of a linear chain
with polaron boundaries of only one bond length, there is a 1:3 ordering of A2+-A3+ cations with
accompanying B3+ ions to act as receptors for the transfer electrons. Pairing of B3+ ions, dictated
by pairing of associated A2+ should be minimized. Therefore, electrostatic homogeneity is a
requirement to maintain a continuous current path. Optimization of electrostatic neutrality through
chemical homogeneity produces maximum Madlung energies where different ions of a common
element exist in the same lattice,33 and departures from homogeneity would represent higher
energy states of the system. In opposition to electrostatic ordering, the minimization of elastic
energy where cations of different size compete for the same site, and where SO or JT stabilizations
require accommodation, the resulting disorder could become an important factor in determining the

onset of superconductivity, as discussed in the sections that follow.

B. Resistivity in Superconducting Oxides

For transition-metal oxides, there are two mechanisms for electron transfer between

mixed-valence cations, one mediated by covalent bonding and the other by lattice vibrations.” In

* As pointed out by Goodenough,!2 spin collinearity (ferromagnetism) in these mixed-valence
situations allows an electrostatic excitation energy U = 0 and a tunnelling transfer probability
proportional to the square of the orbital interaction energy and inversely proportional to the polaron
trapping energy (i.e., Tyyn™! o b2/E} o). Thus, in the special case of limiting large orbital
interaction energy and small trapping energy, this tunnelling mechanism at low temperatures could
produce orbital electron transfer. At low temperatures the ratio of conductivities Gy,,/Opop ~
(b/Epop)exp(Epop/kT) and Gy, should be the dominant mechanism where b/Ey, is large. Since
strong covalency will produce a large b and weak magnetic exchange energy will yield a small but
non-vanishing Epp,, CuZ#(3%) jons are logical candidates to fill these requirements. For a detailed
examination of polaron conduction mechanisms, the reader is encouraged to consult Sections
[1.LE.3 and IV.B.3 of Reference 12.
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POLARON TRANSPORT (ISOLATED CELL)

(a)

POLARON TRANSPORT (ONE-DIMENSIONAL CHAIN)

A 3+ A SITE . 2+ B SITE
O 2+ A SITE @ 2+/3+ B SITE

Q OXYGEN

. . . . . . 2 .
Figure 18. Geometrical schematics of electron delocalization: (a) isolated A<* ion, and
. . . . . b .
(b) one-dimensional chain with alternating A“* and A3t ions.
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POLARON TRANSPORT (TWO-DIMENSIONAL CHAIN)

A 3+ A SITE @ 2+/3+ B SITE

o 2+ A SITE O OXYGEN

Figure 19. Two-dimensional schematic of continuous orbital transfer with density ratio of A2*+/A3+ = 1/3.
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competition with the orbital transfer mechanism which is driven by the covalent orbital interaction,
normal conduction in transition-metal oxides results from thermal excitation, where the electron
leaves its orbit on one cation and diffuses or hops to a higher-valence cation in a different lattice
site, with the resulting current limited by a finite mobility.34 Since the normal resistivity decreases
with temperature, mixed-valence oxides are considered to be semiconductors (hopping
semiconductors), but differ from conventional Fermi band-theory semiconductors in the
temperature dependence of the mobility.*

In Fig. 20, the physical situation is sketched in an x-y plane to illustrate these alternative
conduction mechanisms, described more fully in Appendix C. For metal oxides with
mixed-valence cations (e.g., Lil*,Cu2+; »,Cu3+,0), a measurable electrical resistivity exists and

was determined by Heikes and Johnston33 as

Pn = Po eXp(Epep/kT) (11)

where p, o< (Nep,)"!, and N is the nominal carrier density. Since the incidence of a successful
hop is proportional to the product of the carrier and receptor concentrations,30 the effective carrier
concentration x must be reduced by the factor (1 - x). The mobility p, = eD/kT, where the
diffusion constant D = dz/Thop, with d as the diffusion length (average hop distance) and Tyqp as
the carrier lifetime (inverse hopping frequency, related to v). The symbols e and k represent the
electron Coulomb charge and Boltzmann constant, respectively. Since d should increase with the
density of trapping centers, i.e., the jumps will get longer if the competition for available receptor
sites increases, d will be assumed to vary modestly as x!/2 over the range of interest in this

discussion. As a result, Eq. (11) will be expressed as

* There are important differences between conventional semiconductors, i.e., Ge and Si, and
mixed-valence oxides. The former feature covalent bonding which dictates a band-theory analysis.
Ions do not exist in the ground state of these materials, and carriers consist of intrinsic
electron-hole pairs or charges from ionized impurities, with external (thermal) excitation required in
either case. With ionic-bonded oxides, carriers arise from mixed valence independent of
temperature, but propagate through a type of ionization/recombination process governed by
eXp(-Epop/kT). In the band-model semiconductors, the carrier density is controlled by kT and the
mobility is relatively fixed; in the hopping semiconductors, it is the reverse situation that
prevails.30
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po = CKT/x%(1-x) , (12)

and Pn

[C kT/x2(1-x)] exp(Epop/kT) (13)

where C is a proportionality constant in appropriate units.

The above arguments apply to the normal case where electron hopping is the only conduction
mechanism. If it is assumed that the material is made up of a mixture of normal (with mobility )
and superconducting (with [Lg — o) cells, the density of normal and superconducting electrons in

an ordered system would be given respectively by
np = Nexp(-EpopkT) (14)
and ng = MN[I - exp(-Ehop/kT)] , (15)

where 1 <1 is the efficiency of the orbital transfer mechanism and is related to the orbital
interaction parameter b'. Since the model involves only isolated polarons, Fermi statistics that are
required to describe state occupancies of collective electrons are not invoked here. Each mobile
polaron has a single charge carrier that does not have to compete for an available state; when it
moves into an adjacent cell, it inherits the environment of the exiting polaron that is being expelled
through electrostatic repulsion.

The basic concept is stated as follows: where d-orbital interaction between mixed-valence
cations satisfies the orbital transfer condition (b 2 Epop) in a system where polaron cells can merge,
superconduction is an operating mechanism, with quenching occurring by thermal excitation of the
electrons out of their bonding orbitals into the semiconductor hopping mode. The role of phonons
is thus reversed here: instead of making superconduction possible by mediating the formation of
electron pairs, lattice vibrations disrupt superconduction by activating the electrons out of their
orbital states into the hopping conduction mode.

To estimate the resistivity above the transition or critical temperature, consider the elementary
approximation of a cylinder of length L and cross-sectional area A sketched in Fig. 21. If all of the
uniformly dispersed cells are grouped in two separate regions, i.e., as two resistors in series, the

total resistance would be approximated by

4]
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Figure 20. Alternative electron transfer mechanisms: orbital delocalization between nearest neighbors and
conventional semiconductor hopping between both nearest and farther neighbors in the x-y plane.
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SUPERCONDUCTION
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Figure 21. Simple model of the segregation of superconducting and normal regions for the purpose
of estimating electrical resistivity above the transition temperature.
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R = pL/A = p,L/A+pLJA . (16)

Since pg = 0 (assuming optimum transfer conditions),

p = pn[Ln/(Ln + Ls)] = pn[(L - Ls)/L] . (17)

Since L and L, are respectively proportional to N and ng, and Eq. (17) will be expressed as

e
It

Po [N + (1 -M) exp(Epop/kT)] (18a)

or = [CKT/x2(1-x)] [n + (1 - M) exp(Epop/kT)] . (18b)

he)
|

In the limiting cases of 1 = 0 (no superconduction) and 1 = 1 respectively, Eq. (18) reduces to
Eqgs. (11) and (12):

©
]

Po exp(Ehop/kT) (19a)

Po = CKT/X%(1 - x) . (19b)

and p

From the arguments in Appendix C, Eq. (18) can be refined to include cation clustering

effects by incorporating the results for ng and Ej,, from Eqs. (C-2) and (C-3), with the result that
p = [CKT/X2(1 - )] [P+ (1 -P)exp(EpopkD]  (forn=1) , (20)

where Ehop = Ehopo [l - 2(1 - P)] and P is the B-cation clustering probablity, as defined in
Appendix C. It should be noted here that the hopping mechanism would be less sensitive to
ordering, and the (1 - x) in Eq. (20) is not modified by the probability variable, since a random
distribution, i.e., P = 1, should represent a reasonable average for this conduction mode. Both
Eqgs. (19) and (20) indicate a metallic temperature dependence with approximately linear slope that
varies inversely with the density of charge carriers. These results are in general accord with the
experimental results reported for the LaSrCu and YBaCu perovskite systems and, in particular, Eq.

(20) predicts some of the more subtle variations in resistivity at lower temperatures suggested by
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the Tarascon et al. data.4

In the context of the above, the temperature dependence of normal conduction is explainable
by the residual amounts of local superconductivity. It was pointed out earlier that semiconducting
Fe spinels exhibit the expected increasing conductivity with temperature, while the
superconducting Cu perovskites have the opposite temperature dependence. Since the Cu
perovskites feature superconducting cells above the transition temperature that decrease in number
as the temperature is increased, the decrease in normal conductivity occurs because of the steady
removal of the "short circuits" as more of the transfer electrons become activated to the normal
state. With the strong antiferromagnetic exchange coupling of the Fe2+(3+) pairs in ferrites, no
superconducting cells should be anticipated and only normal conduction is present, with the
population of hopping electrons causing increased conductivity in typical semiconductor fashion at
higher temperatures.

To compare this phenomenological theory with experiment, the results* for the
La3+, ,Sr2+,(CuZ+,_ ,Cu3+,)O4 system with x = 0.10, 0.15, and 0.30 are plotted in Fig. 22
together with the calculations based on Eq. (20). Values of C = 1.60 mQ cm/eV, Ey;,° = 7.7 meV
and o = 0.6 were found to provide a good fit. A similar agreement between theory and the data of
Cava et al.> for Y3*BaZ*(Cu?+3_3,Cu3+3,)O, for y = 6.9 (representing an average x = 0.267 for
charge balance) is shown in Fig. 23. In this case, C = 1.35 m{2 cm/eV, Ehopo =7.7meV and o. =
-0.11.

C. Critical Temperature

From the arguments presented in the previous sections, orbital electron transfer may be
considered as a resistanceless conduction mechanism that can be quenched by thermal activation of
electrons to the normal state. In effect, the superconducting mode acts as a thermally controlled
"short circuit” to the resistance of the normal conduction path, in a manner similar to the "two-fluid
model" of Gorter and Casimir.37 It is logical that for widespread continuous superconduction to
exist, a threshold density n, of transfer pairs (polarons) must be reached.

For a density N of uniformly dispersed B2+(3+) pairs (i.e., ideal ordering), the density n of
superconducting electrons would be given by Eq. (15). If the superconducting transition occurs
when ng = n; (the minimum required B2+(3+) pair density), then the critical temperature may be

estimated by
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Figure 22. Comparison of theory and experiment for p as a function of T: La* 2. AS;*’ + A u?+ 1-xC u’ +00y.
(Data of Tarascon et al., Reference 4)
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Figure 23. Comparison of theory and experiment for p as a function of T: Y3*Ba®*Cu*; 3 Cud* 300y -
(Data of Cava et al., Reference 5).
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Ep,
T, = o , 1)
k In(1 - n/mN)-!

As discussed in Appendix C, Eq. (21) represents the case of perfect B-cation ordering. The
more complete expression contains the probability P that accounts for the effects of cation disorder
and is obtained by substituting Egs. (C-2) and (C-3) into Eq. (21):

T. = Ehop _ Ehop (22)
© KIn(1-n/mNP)!  kIn(l - x/nxP)-!

Figures 24 and 25 present results computed from Eq. (22) fitted to data from measurements
on the LaSr and YBa systems. In both cases, ideal transfer efficiency was assumed (n = 1) and x,
= 0.08.* In Fig. 24, T, versus x as calculated from Eq. (22) is compared with the reported data*
for La3+,_,Sr2+,(Cu?+|_,Cu3+,)Oy4. The agreement for this system, where T, reaches a maximum
of 39 K at x = 0.16, is optimum with Ep,,° = 7.7 meV and o = 0.6, the same parameters used for
the normal resistivity temperature dependence fitting in Fig. 22. For the
RE3+Ba2*y(Cu?+3_3,Cu3*3,)0y system plotted with data®8 in Fig. 25, showing a maximum T of
94 K at y = 7.08 [corresponding to an x value in the Cu(2) planes of 0.27, as determined by Eq.
(D-2)], the fit is also optimum with the parameter values used in the p calculations of Fig. 23,
Ehopo =7.7meV and o =-0.11.

As discussed in Appendix D, the ordering of Y and Ba on separate A-O4 planes may create
different oxygen vacancy distributions, thereby altering both x and o values above and below the
nominal for the Cu-Oy4 planes sandwiched between (i) two Ba-Oy4 planes and (ii) one Y-O4 and one
Ba-O4 plane. As a consequence, there may be more than one superconducting system in the same
specimen, with different effective x and o values. This effect could account for the reported

anomalies and discontinuities in T, at low x values.3%
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